16 (8.6%) of 185 patients who underwent median sternotomy developed infections with Pseudomonas aeruginosa. Seven patients had mediastinitis, 5 had deep sternal wound infection, 2 had superficial sternal wound infection, 1 had prosthetic valve endocarditis, and 1 had sepsis. Pulsed-field gel electrophoresis confirmed that all 13 isolates that were available for typing were the same strain. Cultures of hand specimens identified 1 nurse from whom the same strain of P. aeruginosa was repeatedly isolated; the nurse had been in contact with all 16 infected patients. Investigation revealed that the nurse had severe onycholysis and onychomycosis of the right thumbnail. Cultures of samples of this nail's subungual region and of multiple cosmetic products from the nurse's home yielded the identical P. aeruginosa strain. This outbreak of surgical site infections due to P. aeruginosa was caused by wound contamination from the thumbnail of this nurse, despite her appropriate use of latex surgical gloves.
although their role may be increasing [2, 3, 6] . In at least 1 outbreak, sternal SSI due to Serratia marcescens was traced to a nurse who had used contaminated cream on her hands [12] .
Sternal SSIs due to Pseudomonas aeruginosa are uncommon; they account for only 0%-5% of infections in several series [2, 4, 5, 7, 9, 10] . Although outbreaks of nosocomial P. aeruginosa infection have been reported to be due to contamination of tap water, antiseptic solutions, and contaminated patient-care equipment [13] [14] [15] , this organism does not usually live on the hands of health care workers, and only rarely has transmission from the hands of health care workers been implicated in outbreaks of infection [16] [17] [18] .
In 1999, an increased rate of sternal SSIs due to P. aeruginosa was recognized among patients who had undergone median sternotomy at our institution. A total of 16 cases of P. aeruginosa SSI were identified from February through October 1999. This report describes the outbreak investigation that traced the source to a surgical scrub nurse whose thumbnail was chronically colonized with P. aeruginosa. 
METHODS
Setting. This outbreak of infection occurred at a 150-bed tertiary-care Veterans Affairs Medical Center in Ann Arbor, Michigan, with a cardiothoracic surgery service that is closely affiliated with a large university teaching hospital. The cardiothoracic surgery service is staffed by 1 attending surgeon, a senior cardiothoracic surgery fellow (a position that rotates every 3 months), and a surgical resident. Operating room personnel include a full-time physician's assistant, who is primarily responsible for saphenous vein graft harvest; a core group of 4 surgical scrub nurses; several circulating nurses who do not frequently scrub for surgery; 3 perfusionists, and rotating anesthesia personnel. All cardiothoracic procedures are performed in 1 designated operating room.
Case definition and ascertainment. Any patient who underwent median sternotomy from 19 February 1999 through 31 October 1999 (the outbreak period) and from whom P. aeruginosa was isolated from the samples of a surgical wound, blood, mediastinum, or bone was considered a potential case patient. Superficial SSI, deep SSI-sternal osteomyelitis, mediastinitis, endocarditis, and bloodstream infections were identified according to Centers for Disease Control and Prevention National Nosocomial Infections Surveillance definitions [19] . Patients who had Pseudomonas infections at other sites (e.g., lung and urinary tract) were not included. Case patients were identified through review of Infection Control and Infectious Diseases Service consult records, medical records, microbiological data, and routine 30-day postdischarge telephone surveillance. Outcomes were assessed according to the following criteria: "cure" indicated resolution of signs and symptoms of infection and no residual disability at 90 days after sternotomy, and "chronic morbidity" indicated that the patient had undergone 190 days of antimicrobial therapy required for resolution of signs and symptoms of infection or residual infectionrelated disability at 6 months. Attributable mortality was assessed at 6 months after the patient underwent sternotomy.
Case-control study. To determine risk factors for SSIs due to P. aeruginosa, a case-control study was performed. Two control patients were randomly selected for each case patient from patients who underwent median sternotomy during the outbreak period but who did not develop P. aeruginosa infection. Case patients and control patients were compared with regard to demographic characteristics, comorbid medical illnesses, surgical history, and surgical risk factors, including type and duration of surgery, cardiopulmonary bypass time, prophylactic antibiotics used, wound classification, American Society of Anesthesiologists Physical Status Classification, NNIS risk index score, and exposure to key operating room personnel. Case patients were compared to control patients with regard to outcomes, including duration of stay in postoperative intensive care unit and hospital, infection-related morbidity, and 6-month infection-related mortality.
Operating room observation and review of policies and procedures. To identify potential breaches in Infection Control policy, several surgical procedures were observed in their entirety by Infection Control personnel and Infectious Diseases physicians. Members of the surgical team, perfusionists, anesthesiologists, and operating room personnel were interviewed by members of the study team on several occasions to ascertain changes in procedures that could have contributed to the outbreak of infection. To facilitate environmental investigation in the operating room and to prevent further patient exposure until a source could be identified, the operating room was closed by Infection Control on 27 October 1999.
Microbiological and molecular studies. Extensive culturing of specimens from the operating room environment, including surfaces, water and air supplies, sink drains, the cardiopulmonary bypass circuit, the saline slush solution, and surgical instruments, was performed on 2 occasions during the outbreak period. Initial culturing was performed in May and June 1999 when the increased rate of SSIs due to P. aeruginosa among patients who had undergone cardiothoracic surgery was first recognized; more extensive culturing was repeated in October 1999 after 5 cases were again noted during a short time. Samples of all multidose solutions that had been used in the operating room, including antibiotics, antiseptics, and scrub soaps, as well as randomly selected bottles of sterile saline and water, were also cultured. Operating room personnel had hand specimens obtained for culture by use of a sterile, moistened Dacron swab, and samples of their fingernails obtained for culture by use of a method described elsewhere [20, 21] . All isolates of P. aeruginosa that were recovered from patients and NOTE. BSI, bloodstream infection; chronic morbidity, 190 days of antimicrobial therapy required for resolution of signs and symptoms of infection or residual infection-related disability at 6 months; cured, resolution of signs and symptoms of infection and no residual disability at 90 days after sternotomy; died, mortality attributed to P. aeruginosa infection; PVE, prosthetic valve endocarditis; SSI, surgical site infection.
from cultures of environmental and hand samples were typed by means of pulsed-field gel electrophoresis techniques. Genomic DNA was prepared by use of a method described elsewhere [22] . Sample plugs were digested with 50 U of SpeI (New England Biolabs), loaded on 0.8% agarose gel in 0.5ϫ Tris borate EDTA buffer, and electrophoresed on a DRIII apparatus (Bio-Rad) [22, 23] . Isolates with 0-6-band differences were placed in the same strain group; we used consensus criteria for strain delineation [23] .
Statistical analysis. Data for case patients and control patients were compared by use of either the x 2 test or Fisher's exact test, for categorical variables, and Student's t test, for continuous variables. Statistical significance was defined as . All analyses were performed by use of SPSS, version P ! .05 9.0 (SPSS).
RESULTS

Description of the outbreak of infection.
Sixteen of 185 patients who underwent median sternotomy from 19 February 1999 through 31 October 1999 had infections that met the case definition for P. aeruginosa infection, yielding an attack rate of 8.6 cases per 100 procedures performed (figure 1). Seven patients had mediastinitis, 5 had deep SSI-sternal osteomyelitis, 2 had superficial SSI, 1 had early prosthetic valve endocarditis, and 1 had sepsis syndrome, meningitis, and endophthalmitis with a suspected source in the mediastinum. Rates of P. aeruginosa infections not related to the surgical site did not change during the outbreak period.
An initial cluster of infections occurred from 19 February 1999 through 24 June 1999. All cases but 1 occurred after transfer of cardiothoracic surgery to a newly built operating room. The initial investigation of the outbreak in May and June 1999 did not reveal a source, and only 2 superficial SSIs were noted until a more focused cluster of infections occurred in October 1999. This prompted closure of the operating room on 27 October 1999.
Clinical characteristics and outcomes of the case patients are shown in table 1. The attributable mortality rate was 31%, and 60% of affected patients experienced chronic infection-related morbidity. Overall, 56% of patients required readmission for management of infection, and 50% required further surgical intervention.
Case-control study. Case patients and control patients did not differ with regard to age, comorbidity, type or duration of surgery, cardiopulmonary bypass time, American Society of Anesthesiologists score, or NNIS risk index score (table 2). The only significant difference was in the rate of exposure to one particular nurse (nurse A), who was the scrub nurse for all 16 infected patients and for only 12 (38%) of 32 control patients (OR, 54; 95% CI, 3.0-984; ). Case patients had longer P ! .0001 durations of hospital and intensive care unit stay than did control patients (18.1 vs. 13.4 days and 10.6 vs. 5.7 days, respectively), although these differences were not statistically significant. As was expected, case patients were more likely than were control patients to require a second operation (50% vs. 6%, respectively; ) and were more likely to die (31% P p .001 vs. 3%, respectively; ) or experience chronic morbidity P p .02 (60% vs. 0%, respectively;
). P ! .001 Operating room observation and review of policies and procedures. Observation of multiple surgical procedures failed to identify major breaches in sterile technique that could have explained the outbreak of infection. During interviews, operating room personnel identified several procedural changes that they felt could have contributed to the outbreak of infection. Of most significance was the fact that a new brand of powderfree latex surgical gloves (glove A) had been introduced. Although the nurses reported that these gloves were less comfortable, the new gloves did not break more frequently than the gloves they had previously used. It was noted that, during a period of several weeks before the opening of the new operating room, glove A had been tested. Throughout July and August of 1999, a period in which only 1 case of P. aeruginosa infection occurred, other gloves were tested, but ultimately glove A was again used beginning in September 1999.
Microbiological and molecular typing studies. Specimens of environmental surfaces and of the water supply of the new operating room were obtained for surveillance cultures before the operating room's initial use; the cultures did not yield P. aeruginosa. During the initial investigation period in May and June 1999, cultures of environmental specimens failed to identify P. aeruginosa from any surface or surgical instrument or in water or any fluid source in the operating room. The only component of the cardiopulmonary bypass machine that was sampled was the standing water in the open basin of the heater-cooler device, and this did not yield P. aeruginosa; the machine was not dismantled for additional sampling. The hands of all operating room personnel were cultured twice and failed to yield P. aeruginosa, although samples from nurse A did yield Proteus mirabilis and Enterobacter cloacae on 1 of the 2 occasions.
After closure of the operating room on 27 October 1999, samples were obtained from all components of the dismantled heater-cooler device and the perfusion device of the cardiopulmonary bypass machine. On this occasion, significant biofilm formation was discovered in the tubing of the heater-cooler device, and P. aeruginosa was grown from this tubing, the main check valve, and the water in the heater-cooler, as well as from the patient cooling blanket that was connected to the heatercooler device.
Cultures of hand and nail samples obtained from 12 key operating room personnel were performed on 25 October 1999 and again on 27 October 1999. P. aeruginosa was isolated from the sample obtained from nurse A on both occasions; P. aeruginosa was not isolated from the cultures of any other operating room personnel.
All 16 isolates that were recovered from patients had an identical antibiogram that showed susceptibility to all antipseudomonal antimicrobial agents that were tested. All 13 patient isolates that were available for typing were the same strain, as shown by means of pulsed-field gel electrophoresis ( figure  2) . P. aeruginosa isolates recovered from the heater-cooler device and patient cooling blanket were identical to each other, but differed from the outbreak strain. Isolates recovered from the hand samples obtained from nurse A were identical to the 13 isolates recovered from patients.
Investigation of nurse A. Nurse A was epidemiologically linked to all 16 case patients; samples obtained from her hands on 25 October 1999 and 27 October 1999 yielded P. aeruginosa on culture. On the basis of this information, she was reassigned to areas outside of the operating room on 1 November 1999. Of note, on 29 October 1999, which was during the period that the cardiothoracic operating room was closed, the attending cardiothoracic surgeon performed a sternotomy procedure that did not require cardiopulmonary bypass in another operating room. Because the culture results from nurse A had not yet been reported, nurse A scrubbed and assisted in the operation. The patient (patient 16; table 1) presented to an outside hospital on day 5 after the operation with mediastinitis and sepsis due to the outbreak strain. On further questioning and on examination, nurse A was found to have been wearing flesh-colored nail polish to cover severe onycholysis of the right thumbnail, which she believed had been present for ∼2 years. Cultures of samples of specific areas of her hand demonstrated that the subungual region of this nail, but not the rest of the hand, persistently yielded many colonies of P. aeruginosa. Subungual cultures from this nail also yielded Candida albicans.
Interventions. The prolonged nature of this outbreak of infection suggested that nurse A's thumbnail had been persistently colonized for 18 months, which prompted further investigation of possible sources of contamination. Cultures of samples of liquid soap, baby oil, and a synthetic loofah sponge that were used daily by nurse A in her home shower yielded P. aeruginosa, as did a container of Vaseline that she used frequently to moisten her lips while at work. All isolates were identical to the outbreak strain that had been isolated from the case patients (figure 2). Cultures of samples of nurse A's home water supply did not yield P. aeruginosa.
Itraconazole was prescribed for nurse A's onychomycosis, and use of an alcohol-based, waterless hand sanitizer was suggested in addition to routine hand washing. All contaminated products were removed from the home. Despite these maneuvers, the thumbnail remained colonized with P. aeruginosa until 8 November 1999, when it was surgically removed. The cultures of specimens of the nail bed became negative on 16 November 1999 and remained negative for 6 months.
After documentation of proper cleaning of the cardiopulmonary bypass machine, confirmation of negative cultures, removal of the patient cooling blanket, and reassignment of nurse A, the cardiothoracic surgery operating room was reopened on 1 November 1999. No further cases of SSI due to P. aeruginosa were identified after nurse A's removal from the operating room on 1 November 1999 and her subsequent return to work in December 1999 after repeated documentation of negative results of cultures of nail samples.
DISCUSSION
Our investigation of this outbreak of serious SSIs due to P. aeruginosa among patients who had undergone median sternotomy identified the source of the outbreak to be exposure to a surgical scrub nurse whose thumbnail was chronically colonized with P. aeruginosa. Although P. aeruginosa contamination of the heater-cooler component of the cardiopulmonary bypass machine and the patient cooling blanket in the operating room was found, molecular strain typing allowed us to exclude these items as the source of the outbreak. Removal of nurse A from the operating room terminated the outbreak of infection.
Examination of nurse A's hands was notable for severe onycholysis and onychomycosis of the right thumbnail, and anal-ysis of cultures revealed that the subungual area of this nail, but not the rest of her hands, was heavily colonized with P. aeruginosa. Despite the introduction of an alcohol-based hand cleanser in addition to routine hand washing, we were unable to eliminate P. aeruginosa from nurse A's nail until the nail was surgically removed and the nail base debrided. The abnormalities of nurse A's thumbnail probably contributed to this outbreak of infection by interfering with the effectiveness of surgical hand scrubs to remove P. aeruginosa from beneath the nail. Other properties of nails, including long length, and the use of artificial nails have been implicated in other outbreaks of P. aeruginosa infection [16, 18] . Artificial nails have been shown to harbor increased numbers of pathogens despite hand washing [20, 21] .
The prolonged nature of this outbreak of infection suggested chronic colonization of nurse A's nail with the outbreak strain and prompted investigation of a possible source of extrinsic contamination. Cultures of samples of several cosmetic products used by nurse A in her home yielded heavy growth of a strain of P. aeruginosa that was identical to the outbreak strain, which suggests that repeated exposure to these products facilitated chronic colonization of the nail bed.
Although the thumbnail of nurse A was clearly the source of this outbreak of infection, the mechanism of transmission of the organism from nurse A to the patients, despite the appropriate use of latex surgical gloves, is not known. There are several mechanisms by which the gloves may have failed during this outbreak. The most obvious would be breaks in the gloves that allowed passage of organisms [24] . Glove perforation can occur in up to 50% of surgical procedures [25] [26] [27] [28] [29] [30] , and the frequency of perforations increases with the complexity and duration of the surgical procedure [24, 25, 29, 30] . Surgical scrub nurses are at high risk of glove perforation [27] , and nurse A may have been at even higher risk because of the abnormalities of her right thumbnail.
It is intriguing to note that the initiation of this outbreak of infection corresponded to the introduction of powder-free latex surgical gloves. Latex surgical gloves can fail because of inherent physical and chemical properties [24, 31, 32] . The porous nature of natural rubber latex allows uptake of aqueous fluids into the latex membrane [24, 32] . Because glove hydration decreases tensile strength and increases permeability to viruses and chemicals that can cause glove failure, gloves that hydrate slowly are considered superior to those that hydrate quickly [24, 33] . During the surgical procedures, which averaged 4-6 h in duration, nurse A's hands were frequently immersed in a partially frozen, sterile saline slush solution that is used to cool the heart rapidly during cardiopulmonary bypass surgery. We postulate that glove A could have become hydrated more rapidly than the powdered latex gloves that had been in use before, and which, therefore, allowed passage of P. aeruginosa into the slush saline that was then was used to bathe the mediastinum.
In conclusion, this outbreak of infection was caused by transmission of P. aeruginosa from the chronically colonized thumbnail of a surgical scrub nurse, despite the nurse's appropriate surgical hand scrubs and use of latex surgical gloves. Although onycholysis and onychomycosis of her nail, as well as contamination of her home cosmetic products, may explain the chronic nature of nurse A's colonization with P. aeruginosa, the mechanism of transmission of the organism from nurse A to the patients remains unknown. The timing of the outbreak corresponds with introduction of a new brand of powder-free latex surgical gloves in our institution, which raises concerns regarding a possible role played by the new gloves. Properties of the gloves that may have led to increased glove failure and transmission of P. aeruginosa are now under investigation.
